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FOREWORD

This report documents the Mach 8 Calibration test program (WTR 1614)
ﬁerformed in the Navy’s Hypervelocity Wind Tunnel (Tunnel 9). This was an in-
ouse calibration test entry and the primary objective was to explore the Tunnel 9

Mach 8, low Reynolds number rﬁf'lme. This would supplement previous calibrations
of the free stream conditions at Mach 8, high Reynolds number.

The author would like to extend thanks to Mark Kammeyer, Daniel E. Marren,
and John F. Lafferty for their comments and suggestions concerning this report.
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ABSTRACT

This report documents the Mach 8 Calibration test program (WTR 1614)
rformed in the Navy’s Hypervelocity Wind Tunnel (Tunnel 9). This was an in-
ouse calibration test effort. Free stream flow field measurements were obtained for
the Mach 8 nozzle, covering a wide range of Reynolds numbers. The calibration
included running very low Reynolds numbers, not previously calibrated at Mach 8, as
well as running at the current maximum suppl{ conditions for Mach 8. The test
period was 18 to 23 December 1992, with a total of five runs. Results from this test
entry were combined with previous Mach 8 calibration data in the final analysis.
Previous calibration data were taken when Mach 8 was originally brought on-line in
December of 1988. The maximum supply conditions were lower during the original
calibration than are currently availagfe. However, data from this most recent
calibration reveal that high quality uniform flow still exists and that deviations in
cox: flow field parameters are comparable with other Tunnel 9 calibration data taken
to date.
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INTRODUCTION

Calibration of wind tunnel facilities is necessary to properly evaluate and
understand the data obtained during a test program. The Navy’s Hypervelocity
Wind Tunnel (Tunnel 9) frequently engages in facility calibrations.

When the Mach 8 capability of Tunnel 9 was originally brought on-line in
December 1988 (WTR 1474), a characterization of the flow was completed.! At that
time, Mach 8 calibration data included running only the maximum available supply
conditions and Reynolds numbers. At a later time, two additional calibration runs
(WTR 1606) were scheduled in between test programs. This was done in an effort to
expand the Mach 8 calibration data bank. Since then, upgrades to the facility have
allowed higher supply pressures and temperatures to be obtained, as well as
improved regulation of these supply conditions.

The present calibration test (WTR 1614) was designed to calibrate the
uniformity of the flow field parameters in the Mach 8 nozzle at the current
capabilities. It covered a wide range of supply conditions, Reynolds numbers, and
usable run times. This effort was combined with previous Mach 8 tunnel calibrations
(WTRs 1474 and 1606) to create this comprehensive calibration report.

TEST FACILITY

Tunnel 9 is a blow-down facility which currently operates at Mach numbers of
8, 'll‘O,balmi 14. Ranges for Reynolds numbers and current supply conditions are listed
in Table 1.

A general schematic of Tunnel 9 is shown in Figure 1. Mach 8 operates as an
open-jet facility, whereas Mach 10 and 14 operate as a closed-jet facility. The Mach 8
nozzle and test cell occupy the space occupied by the nozzle alone in Mach 10 or 14
operation, as illustrated in Figure 2. The Mach 8 nozzle has an exit diameter of
33 inches which exhausts into a 60-inch diameter test cell. This configuration
enables testing of large-scale models. The Mach 8 model support system is designed
gr fixed angle of attack operation but allows model angle of attack to be changed

tween runs.

Tunnel 9 uses nitrogen as the working fluid. During a typical run, a vertical
heating vessel is used to pressurize and heat a fixed volume of nitrogen to a
predetermined pressure and temperature. The test cell and vacuum sphere are
evacuated to a low pressure and are separated from the heater by a pair of metal
diaphragms. When the nitrogen in the heater reaches the desired temperature and
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pressure, the diaphragms are ruptured and the gas flows from the top of the heater,
expanding through the contoured nozzle into the test cell at the desired test
conditions. As the hot gas exits the top of the heater, cooler nitrogen (~300°F) from
three pressurized driver vessels enters the heater base. The cold gas drives the hot
as in a piston-like fashion, thereby maintaining constant conditions in the test cell
uring the run. More detailed information concerning the facility can be obtained
from Reference 2.

TESTHARDWARE

Calibration hardware for this test consisted of a 21-probe cruciform Pitot rake
mounted on a straight sting and a single independent strut-mounted Pitot. Both
were positioned such that the tips of all Pitot probes were located in the first window
station, approximately 11 inches downstream of the nozzle exit plane. The cruciform
Pitot rake is shown in Figure 3, relative to the Mach 8 test cell windows.

The 21-finger cruciform Pitot rake measured 30.5 inches in width both
horizontally and vertically. There were five probes on each arm and one in the
center. The probes were situated 3 inches on center, except for the last probe on each
arm, which was 2.5 inches on center. The rake was oriented at a roll angle of 26.5°
counterclockwise from the vertical Flane, looking downstream. A single, strut-
mounted Pitot probe was also installed in the Mach 8 test cell. The strut was
mounted so that it protruded normal to the test cell wall and was oriented at an angle
of 18.5° clockwise from the vertical plane, looking downstream. It supported a single
Pitot probe, located 8 inches radially from the centerline of the test cell (22 inches
from the test cell wall), halfway between two of the cruciform arms. A schematic of
both the cruciform rake and the strut-mounted probe is shown in Figure 4.

INSTRUMENTATION

TUNNEL INSTRUMENTATION

The instrumentation used to monitor wind tunnel supply conditions included
one supply pressure (P,) transducer, two supply temperature (T,) thermocouples, and
the strut-mounted Pitot pressure transducer. The range of the supply pressure
transducer was chosen based on the anticipated pressure for each run. The strut-
mounted Pitot was instrumented with a 0 to 200 psia XT-140-200A Kulite pressure
transducer for all runs. Table 2 lists the pressure instrumentation and the valid
ranges. Reference 3 provides more detail on Kulite pressure transducers. For all
runs, the supply temperature was measured using Type K chromel/alumel
thermocouples with a useful range of 0 to 2000°F. These thermocouples were
fabricated in-house.

. The strut-mounted Pitot pressure transducer was connected to the Pitot tube
using Tygon flexible tubing. Tubing length was sized to minimize the pressure lag,
asoutlined in Reference 2.
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PITOT RAKE INSTRUMENTATION

The cruciform Pitot rake was instrumented with twenty-one 0 to 200 psia
XT-140-200A pressure transducers. These transducers were used for all runs, as
listed in Table 2.

All cruciform rake pressure transducers were mounted inside the rake. The
interior ends of the Pitot tubes were threaded and the pressure transducers were
s§rewed diirectly into the tubes. With this direct connection, lag problems were
eliminated.

CALIBRATION AND TEST PROCEDURES

PRESSURE TRANSDUCER CALIBRATION

Calibration of the pressure instrumentation was accomplished prior to each
wind tunnel run. The data system recorded transducer response during evacuation of
the test cell. The test cell evacuation was accomplished in steps where the test cell
pressure was held constant at each step. For this program, seven calibration points
were obtained from atmospheric pressure to approximately 1 mm Hg. Two MKS
Baratron type 145 transducers with ranges of 0 to 1000 and 0 to 10 mm Hg were used
as comparison standards for the calibration. For each transducer, output voltage was
recorded and a slope and intercept were calculated using a least squares method.

RUN SETUP AND INITIATION

After the pressure transducer calibration, preheat static tares were obtained on
all transducers. The Mach 8 heating cycle, approximately 10 minutes in duration,
was then started. A final tare was obtained at the end of the heating cycle for final
instrumentation intercept corrections just prior to diaphragm rupture. Once flow
was established, the data acquisition szstem, photofraphic coverage, and other
tunnel control systems were triggered by the control system event sequencer.

The Mach 8 test cell capabilities include orienting the model at a fixed angle of

attack for each run. During this calibration, the cruciform rake was held at a zero
degree angle of attack.

DATA ACQUISITION AND REDUCTION

DATA ACQUISITION

_ Data were sampled and recorded using the Data Acquisition and Recording
Equipment (DARE) VI. DARE V1 is a simultaneous-sample-and-hold,
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single-amplifier per channel system with * 14 bit resolution. The input signals from
all DARE channels were amplified and fed through six-pole, low-pass Bessel filters
with a cutoff frequency of 25 Hz, thus eliminating high {requency background noise.
Each channel sampled data at 250 samples per second. Reference 2 gives a full
description of the DARE VI system.

Data taken using the DARE VI were post-processed by applying a software
representation of a sixth-order, low-pass Butterworth filter. This type of dig-ital
filtering allowed the data to be refined after recording. Time delaysin the digital
filtering were avoided by filtering the data twice and reversing the data in time
between the two applications of the filter. A more complete description of filtering
techniques can be found in Reference 2. A cutoff frequency of 10 Hz was used for
tunnel supply conditions, the strut-mounted Pitot, and all calibration rake Pitots.

REDUCTION OF FLOW FIELD PROPERTIES

Tunnel supply conditions and test cell pressure measurements were obtained
using DARE VI for each wind tunnel run. The data tape for each run was written
and, subsequently, reduced on a VAX 4000 computer system.

Data from the P, transducer, T, thermocouples, strut-mounted Pitot pressure
transducer, and cruciform rake Pitot pressure transducers were used to compute local
flow field parameters based on an assumption of thermodynamic equilibrium in the
inviscid core flow.* Real gas effects, referring to the thermodynamic state where
intermolecular or Van der Waal’s forces are significant, were accounted for by
ﬁ)x}lputing an equivalent perfect gas supply pressure and temperature as outlined in

eference 5.

The flow field properties at each Pitot position on the rake were calculated
using the data from Py, Ty, and the corresponding Pitot probe. The free stream
Froperties for the strut-mounted Pitot were calculated in the same manner. The flow

ield pr?erties at each position on the rake were then normalized by the strut-
mounted free stream properties. The T, thermocouples were averaged when both
were believed to be reliable.

MEASUREMENT UNCERTAINTY

An estimate of the uncertainty of the measured and derived flow quantities is
specified in Reference 6. These results are listed in Table 3. The measured quantities
were combined with the corresponding uncertainties and are noted on all appropriate
figures in this text. The uncertainty for the Pitot pressure measurements was
+0.3 percent in pressure.
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RESULTS

DURATION OF USABLE RUN TIME

When the appropriate supply conditions were achieved, the diaphragms were
burst and a start-up period followed where the supply pressure and temperature were
ramped to prearranged values. Control valves regulated the flow of hot nitrogen
from the heater vessel, which produced relatively constant Reynolds number
conditions over the total usable run time. For a more complete description of
Tunnel 9 operation consult Reference 2.

The usable run time was defined as the length of time during the run where the
supply conditions, and consequently the Reynolds number, were held nearlyl,_'{'e
constant. Figure 5 shows a plot of supply conditions and the corresponding Reynolds
number versus time for a standard tunnel run. Usable run times varied inversely
with supply pressure and Reynolds number and ranged from 200 ms to 750 ms.
Table 4 lists the Mach 8 supply and test cell conditions and the coinciding usable run
times investigated during this calibration test.

TEMPORAL UNIFORMITY

To evaluate the temporal uniformity, normalized Pitot pressure profiles were
plotted at various instants in time during a tunnel run. Each rake Pitot pressure was
normalized by the strut-mounted Pitot pressure. Figure 6 shows three normalized
Pitot pressure profiles for a typical run at various times during the usable run time.
As shown, the profiles vary little with time. The tempora!l deviations were on the
order of 2.6 percent or less in normalized pressure. Based on these observations, the
Pitot pressure profiles for each run were averaged over the usable run time.

INVISCID CORE SIZE

The Mach 8 inviscid core size was determined qualitatively for each run based
on the character of the normalized Pitot pressure profile, both radially and axially.
The rake Pitot pressures were normalized by the strut-mounted Pitot pressure for
each run. Since this calibration did not include varying the axial location of the
cruciform rake, the determination of the axial variation of the inviscid core size was
based on data from previous calibration runs (WTR 1474).

Figure 7 shows the normalized Pitot pressure profile for each run. The radial
inviscid core size 11 inches downstream of the nozzle exit was shown to be at least
24 inches in diameter for all supply conditions investigated during this calibration
test. The inviscid core may have been larger than the measured 24 inches; howes <.,
the actual size was impossible to determine because of the sparse resolution of the
Pitot probes on the cruciform rake.

Axially, the inviscid core size was expected to be defined by Mach lines
emanating from a point within the boundary layer at the nozzle exit. The flow survey
data from WTR 1474 indicated, however, that the diameter of the inviscid core
boundary did not decrease as rapidly downstream of the nozzle exit as it would if it
followed these Mach lines. The Mach 8 flow survey data indicated inviscid core
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diameters of approximately 24, 22, and 20 inches at distances of 5.5, 29.25, and

53.5 inches from the nozzle exit, respectively, at free stream Reynolds numbers of
roughly 50 million per foot.! However, the inviscid core should conservatively be
estimated by the Mach lines. Reference 1 gives extensive information on the details
of the WTR 1474 calibration. Figure 8 depicts the axial variation of the inviscid core
size for Mach 8.

RADIAL SYMMETRY

The orthogonal structure of the cruciform Pitot rake allowed verification of the
radial symmetry of the flow field parameters in the test cell. Only those Pitots that
fell inside the inviscid core were used in analyzing the radial symmetry. All rake
Pitot pressures were normalized by the strut-mounted Pitot pressure. Figure 9 shows
how the normalized Pitot data from all four arms collapse onto a common line when
plotted as a function of absolute distance from the test cell centerline. The
axisymmetric deviation was 2.2 percent or less in normalized pressure.

RUN REPEATABILITY

During this calibration, run conditions were not repeated. The goal of this
Mach 8 calibration was to investigate many different run conditions ranging from
very low Reynolds numbers to the maximum attainable Reynolds numbers.
Therefore, in order to verify run repeatability, normalized Pitot profiles from this
calibration (WTR 1614) were compared to normalized Pitot profiles from previous
calibration runs (WTRs 1474 and 1606). For WTR 1614, each rake Pitot pressure was
normalized by the strut-mounted Pitot pressure. For WTRs 1474 and 1606, no strut-
mounted Pitot was available. Instead, a Pitot was chosen on each arm of the
cruciform rake that was approximately the same distance from the test cell
centerline as the strut-mounted Pitot in WTR 1614. These four Pitot pressures were
averaged to get a free stream Pitot pressure. This average free stream Pitot pressure
was then used to normalize the flow field Pitot pressures.

It was desirable to compare runs that were made at the same supply conditions,
free stream Reynolds numbers, and axial position in the test cell. However, because
of the different goals of WTRs 1474, 1606, and 1614, this was not possible. Therefore,
the most similar run conditions were compared in order to evaluate run repeatability.
Figure 10 shows a normalized Pitot pressure plot of three separate Mach 8 runs at the
most similar supply conditions, free stream Reynolds numbers, and axial position.
The characteristic profiles are very repeatable from run to run with a maximum
deviation of 4.4 percent in normalized pressure.

PRESENTATION OF RESULTS

Table 5 represents the data from the runs made during this Mach 8 calibration.
All data were obtained at one axial station in the test cell, 11 inches downstream of
the nozzle exit plane.

The results from the cruciform Pitot rake are presented for each test condition
in Appendix A where tabulated flow field parameters verses radial distance from the
test cell centerline are listed. Data from both the horizontal and the vertical arms of
the cruciform Pitot rake are presented. The flow field Pitot pressure at each probe on
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the cruciform rake is normalized by the measured value of the free stream strut-
mounted Pitot averaged over the usable run time (PTAVG). All other parametersin
Appendix A are normalized in the same manner.

Figures 11 through 18 show the inviscid core flow field data corres%onding to
Appendix A. The horizontal and vertical profiles, averaged over the usable run time,
represents each run condition. Thisisjustified based on the temporal uniformity.
These figures are included in this report for pretest planning purposes of future test
programs.

COMBINING CALIBRATION RESULTS WITH TEST DATA

The ultimate purpose for the generation of this data is to aid in the definition of
the flow field profile during a test program. When a model is tested aerodynamically
in Tunnel 9, the Pitot calibration rake will not be installed in the test cell. Flow field
conditions are calculated as described earlier based on P,, T,, and the strut-mounted
Pitot pressure (PTAVG). Refer to Figure 4 for test cell arrangement.

The calibration data can provide a better definition of the flow field profile. To
use the caiibration data in conjunction with the aerodynamic test data in the final
printout, the following procedure exists. The wind tunnel data package will contain
the supply conditions and free stream parameters for each run. The free stream
parameters are calculated based on the measured supply conditions and the value of
the strut-mounted Pitot pressure (PTAVQG). The free stream parameters represent
the entire flow field across the test cell. This approach assumes constant conditions
across the test cell. A profile of each flow field parameter can be inferred, from
Appendix A, as a fraction of the PTAVG quantity for each run condition. For
?omp}lgtﬁ;le;s, this data should be combined with the measurement uncertainty data

rom Table 3.

SUMMARY

This Mach 8 calibration test (WTR 1614) covered a wide range of supply
conditions, Reynolds numbers, and usable run times. It was prepared with previous
Mach 8 tunnel calibrations (WTRs 1474 and 1606) to create this comprehensive
report. Usable run times were observed ranging from 750 ms to 200 ms, with
corresponding Reynolds numbers ranging from 8.7 x 106/ft to 55.7 x 106/ft. Temporal
deviations were on the order of 2.6 percent or less in normalized pressure and the
inviscid core diameter 11 inches downstream of the nozzle exit was 24 inches for all
su;ply conditions. The radial symmetry of the Mach 8 free stream flow field showed a
2.2 percent or less deviation in normalized pressure. Run repeatability, for runs
compared at similar supply conditions, revealed a 4.4 percent or less deviation in
normalized pressure. Based on the various Pitot pressure readings and
uncertainties, uniformity in Mach number was determined to be +1.2 percent to
-0.7 percent or less.
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Overall, the calibration data obtained in the Hypervelocity Tunnel 9 verify that
high quality, uniform flow exists at Mach 8. A large inviscid core diameter, combined
with a wide range of Reynolds numbers and run times, provides for an excellent Mach
8 test environment.
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Mach 8 Test Cell Configuration
for Tunnel Calibration

(Looking Downstream)

Sinches
HHH

Mach 8 Test Cell Configuration
for Aerodynamic Model Testing
(Looking Downstream)

Strut-Mounted
Pitot Probe

)

FIGURE 4. MACH 8 CALIBRATION HARDWARI
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FIGURE 10. COMPARISON OF MACH 8 RUN REPEATABILITY
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TABLE 1. CURRENT TUNNEL 9 CAPABILITIES

Contoured Supply Pressure Nominal Supply Reynolds Number Run Time
Nozzle Range Temperature Range Range
(psia) (P (x 10%fY) (s)
=
8 2,000 to 11,800 1,200 8.7 to 55.7 20 to .75
10 500 to 14,000 1,350 0.86 to 21.9 23108
14 100 to 20,000 2,750 007210 3.8 Jto 15
TABLE 2. TUNNEL 9 MACH 8 SUPPLY/PITOT PRESSURE INSTRUMENTATION
Reynolds Number Supply Pressure Transducer Pitot Pressure Transducer
(x10%ft) (Range) (Range)
8.7 Viatran Kulite model XT-140-200A (0 - 200
Model 304 psia)
(0 - 10,000 psia)
19.3 Viatran Kulite model XT-140-200A (0 - 200
Model 304 psia)
(0 - 10,000 psia)
249 Viatran Kulite model XT-140-200A (0 - 200
Model 304 psia)
(0 - 10,000 psia)
43.1 Viatran Kulite model XT-140-200A (0 - 200
Model 1212B:)2AAA20 psia)
(0 - 20,¢00 psia)
55.7 Viatran Kulite model XT-140-200A (0 - 200
Model 1212BQ2AAA20 psia)
(0 - 20,000 psia)
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TABLE 3. TUNNEL 9 MEASURED AND DERIVED PARAMETER UNCERTAINTIES

Measured Property Documented Uncertainty ﬂ
P, | +0.4%
T, -1.7 to +0.5%
Pitot +0.3%

Resulting Uncertainties in Derived Properties

S e e T T |

Mach -0.2 to +0.14%
Re#/L -2.6 to +0.8%
Pe -0.6 to +0.5%
T, -1.9 to +0.6%
e +0.3%
Pu -1.6 1o +0.55%
U, -0.8 to +0.2%
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